Background: Peptides derived from the core domain of human α-crystallin act as molecular chaperones.
INTRODUCTION
2 Alpha-crystallin is the most abundant protein in the lens. It is composed of two subunits, αA-and αB-, whose sequences show significant homology to each other and to other small heat shock proteins (1) . The αA-and αB-crystallin heteropolymers are present in the lens as polydisperse oligomers with an average molecular weight of 800 kDa (2, 3) . αA-Crystallin is present mainly in the lens, while αB-crystallin, in addition to the lens, is present in several other tissues, including the retina, heart, and kidney (4, 5) . These peptides act as molecular chaperones and prevent the aggregation of structurally perturbed proteins. This chaperone function is thought to be essential in maintaining lens transparency during aging (6) .
The anterior surface of the lens is covered with a single layer of cuboidal epithelial cells, which are important for maintaining metabolic homeostasis and lens transparency. Several studies have detected lens epithelial cell apoptosis in cataractous lenses (7, 8) . α-Crystallin acts as both a chaperone protein and anti-apoptotic protein; it inhibits apoptosis due to external stress in many cell types, including lens epithelial cells (9) (10) (11) (12) (13) (14) . The anti-apoptotic function of α-crystallin is due to inhibition of procaspase-3 activation, binding to Bax and prevention of its translocation to the mitochondria, inhibition of cytochrome-C release from the mitochondria, activation of PI3-kinase, and inhibition of PTEN (12, (15) (16) (17) . α-Crystallin has also been shown to mediate anti-inflammatory effects by binding to inflammatory cytokines (18, 19) .
Protein turnover is negligible in the lens; thus proteins, including α-crystallin, accumulate posttranslational modifications. Major posttranslational modifications include deamidation, truncation, glycation, and acetylation, which induce structural as well as functional changes and may contribute to cataract formation (20) (21) (22) (23) . In a previous study, we found that α-crystallin is acetylated at discrete lysine residues in the human lens, and such acetylation improves its chaperone function (24) . We identified acetylation sites at K70 and K99 in αA-crystallin as well as K92 and K166 in αB-crystallin.
Previous studies have found short peptides within αA-and αB-crystallin that function as molecular chaperones, similar to the parent molecules. These peptides are 70 KFVIFLDVKHFSPEDLTVK 88 in αA-crystallin and 73 DRFSVNLDVKHFSPEELKVK 92 in αB-crystallin (25, 26) . Interestingly, two of the major acetylation sites in αA-and αB-crystallin (K70 and K92, respectively) are located in these peptide sequences. Thus, we sought to determine the impact of lysine acetylation on the function of these peptides. In this study, we show that the α-crystallin mini-chaperones and acetyl derivatives can inhibit apoptosis in mammalian cells by blocking cytochrome-C release from mitochondria and preventing procaspase-3 activation. Using rats, we also present evidence that these peptides can inhibit protein aggregation and epithelial cell apoptosis in cataracts.
EXPERIMENTAL PROCEDURES
Insulin, Hoechst, citrate synthase, sodium selenite, and a protease inhibitor cocktail were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO). The remaining chemicals were of analytical grade. αA-crystallin peptides [native and acetyl: 69 DKFVIFLDVKHFSPEDLTVK 88 and 69 DK (acetyl) FVIFLDVKHFSPEDLTVK 88 ] and αB-crystallin peptides [native and acetyl: 73 DRFSVNLDVKHFSPEELKVKV 93 and 73 DRFSVNLDVKHFSPEELKVK(acetyl)V 9 3 ] as well as the scrambled peptide DFVIDSPFKLVDLEKVHFTK were synthesized, processed to 95-99% purity, and verified via mass spectrometry (for molecular weight and purity) by Peptide 2.0 (Chantilly, VA).
Chaperone assays were performed as previously described (24) . The ratios of the peptides: client proteins (w/w) were as follows: citrate synthase, 1:2.5; insulin, 1:10; βL-crystallin, 1:1.5; and γ-crystallin, 1:1. The scrambled αA-crystallin peptide was tested in certain assays at peptide: client protein ratios as follows: citrate synthase, 1:1.25, insulin, 1:5 to determine peptide specificity.
Measurement of peptide surface hydrophobicity
The surface hydrophobicity of the peptides was measured using 6-(ptoluidinyl)naphthalene-2-sulfonic acid (TNS) 1 (emission: 350-520 nm, excitation: 320 nm) as previously described (24) .
Measurement of apoptosis
Human lens epithelial cells (HLE) were isolated from the lens of a 44-year-old donor and cultured in DMEM supplemented with 10% FBS as previously described for mouse lens epithelial cells (27) . Cells between passages 5 and 6 were used for the experiments. Chinese hamster ovary (CHO) cells were cultured in Ham's F12 medium. The α-crystallin peptides were mixed with a cationic lipid, BioPORTER ® (BP), according to the manufacturer's instructions (Polyplus transfection reagent, Illkirch, France). When the cultures reached 70-80% confluence, the cells were treated with BP either alone or with the peptides in serumfree medium and incubated for 4 h at 37°C in a humidified 5% CO 2 atmosphere. The cells were then washed with PBS and incubated at 43°C for 1 h (thermal stress), followed by incubation at 37°C for 16 h for recovery. The percentage of apoptotic cells was determined by staining the cells with Hoechst. Cells incubated at 37°C without thermal stress were used as controls.
Quantitation of cytoplasmic cytochrome-C
Cell lysates were prepared in cell lysis buffer (Cell Signaling Technologies, Danvers, MA) with a protease inhibitor cocktail (1:100 dilution). Western blotting was performed using 10 µg of protein with a monoclonal antibody for cytochrome-C (1:1,000 dilution, Enzo Life Sciences, Farmingdale, NY). The membrane was reprobed using an antibody for GAPDH (1:1,000 dilution, Millipore, Billerica, MA) as a loading control.
Quantitation of caspase-3 and caspase-9 activity
Cells were lysed in cell lysis buffer (Cell signaling), and lenses were homogenized in 50 mM Tris-buffered saline. Both buffers contained a protease inhibitor cocktail (1:100 dilution). An equal volume of a fluorogenic substrate solution [2X reaction buffer: 10 mM DTT and 50 µM Ac-DEVD-AFC (for caspase-3) or Ac-LEHD-AFC (for caspase-9)] was added to each lysate. The lysates were then incubated for 2 h at 37°C in the dark. The samples were analyzed with a Spectramax 4 spectrofluorometer (HORIBA Scientific, Edison, NJ) at excitation/emission wavelengths 400/505 nm.
Procaspase-3 activation assay
CHO cells were lysed with lysis buffer (Cell Signaling) containing a protease inhibitor cocktail, as previously described (28) . The extracts were centrifuged for 10 min at 14,000 rpm, boiled for 5 min at 100°C, and analyzed by SDS-PAGE and immunoblotting using anti-β-tubulin antibody (Santa Cruz, CA) or antibodies for inactive caspase-3 (9665S, clone 8G10) and active-caspase-3 (9661S, clone Asp175). These antibodies were purchased from Cell Signaling (12) .
Lens organ culture with calcimycin
The animal experiments conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the CWRU's Animal Care and Use Committee. Lenses were dissected from the eyes of ~3-month-old C57Bl/6 mice and maintained in artificial aqueous humor (AAH) (113 mM NaCl, 4.5 mM KCl, 1 mM MgCl 2 , 1.5 mM CaCl 2 , 6 mM D-glucose, 10 mM HEPES, 20 mM NaHCO 3 , and 1:1,000 penicillin/streptomycin, pH 7.3). Lenses that developed opacification within 24 h were discarded. Native and acetyl αA-and αB-crystallin peptides were added to the culture medium at a concentration of 50 µg/3.0 ml, followed by incubation of the lenses for 16 h. The medium was replaced with fresh medium containing 5 µM calcimycin, and the lenses were incubated for an additional 6 h. After this incubation period, the lenses were thoroughly washed with PBS, fixed in 1% buffered formalin overnight, and embedded in paraffin. Microtome sections (5 µm) were subsequently rehydrated and subjected to antigen retrieval via microwave irradiation in 10 mM citrate buffer (pH 6.0). Apoptosis was measured using the In situ Cell Death Detection Kit (Roche, Indianapolis, IN) according to the manufacturer's instructions. The sections were counterstained with DAPI to visualize nuclei.
Selenite-induced cataract and apoptosis in lens epithelial cells
Neonatal Sprague-Dawley rat pups (12 days old) were used for these experiments. The pups in the experimental groups received a single subcutaneous injection of sodium selenite (4 mg/Kg body weight) on day 12. Peptides diluted from a stock in sterile water (dissolved by adding 2 µl of 10 N NaOH to a 1.0 ml stock) were injected intraperitoneally (at 2.5, 5, or 10 µg/animal) 6 h prior to selenite injection (single injection). When multiple injections were performed, one pre-selenite injection was administered, as above, followed by four additional injections on four consecutive days after the sodium selenite injection. One group served as the control (no treatment) and another as the selenite control (no peptide injection). The lenses were examined on day 17 (when the pups had opened their eyes) using a slit lamp microscope (after dilating the pupil through topical application of tropicamide) and photographed. For hematoxylin and eosin (H & E) and TUNEL staining, eyes were fixed immediately after enucleation in a 10% buffered formalin solution overnight.
Quantitation of water-soluble proteins and βB1-crystallin
A subset of the lenses obtained from the above treatment groups was homogenized in ice-cold PBS containing 2 µM Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) and 5 µl of a protease inhibitor cocktail in a glass homogenizer (200 µl for each lens). The homogenate was centrifuged at 20,000 X g for 30 min at 4°C, and the supernatant was collected. The pellet was then homogenized again with the same buffer (100 µl), centrifuged, and the supernatant collected. The two supernatant fractions were pooled, which was considered the water-soluble fraction. The pellet was considered the water-insoluble fraction. The latter fraction was solubilized in buffer with 6 M urea. The protein concentration was measured using the BCA Protein Assay Kit (Thermo Scientific, Rockford, IL), with BSA as the standard. SDS-PAGE was performed using 12% reducing gels to analyze the two fractions.
βB1-Crystallin in the water-insoluble fraction (10 µg protein) was detected via western blotting using a rabbit polyclonal antibody for βB1-crystallin from Santa Cruz Biotechnology, Santa Cruz, CA (1:400 dilution) and a Chemiluminescence Detection Kit (Thermo Scientific).
Markers of oxidative stress in rat lenses
The concentration of GSH in the lens was determined as previously described (29) , as was the SOD1 activity in the lens homogenates (30) . Briefly, the assay mixture (total volume=2.0 ml) contained sodium pyrophosphate buffer (52 mM, pH 8.3), 186 µM phenazine methosulfate, 300 µM nitroblue tetrazolium, and the homogenate (200 µg). The reaction was initiated by adding 5.2 mM NADH (300 µl) at a final concentration of 780 µM, and the mixture was incubated at 30°C for 1 min. The reaction was quenched by adding 1.0 ml of acetic acid, and the mixture was stirred vigorously. n-Butanol (5.0 ml) was next added to the mixture, followed by mixing and incubation at room temperature for 10 min. The mixture was finally centrifuged at 1,000 X g for 10 min, after which the butanol layer was separated, and the absorbance was measured at 560 nm against a butanol blank.
Multi-angle light scattering/dynamic light scattering (MALS-DLS) experiment
Soluble lens proteins (190 µg) were prepared as described above and injected into an HPLC/TSKPWxL5000 column with PBS as the eluent at 0.75 ml/min. The remaining details regarding MALS-DLS were reported previously (31) . The data were analyzed using ASTRA software, developed by Wyatt Technologies (Santa Barbara, CA).
Detection of intraperitoneally injected αB-crystallin peptide in rat lenses
Ten-day-old Sprague-Dawley rat pups (n=6) were intraperitoneally injected with 100 µg of the acetyl αB-crystallin peptide in 100 µl of sterile water on four consecutive days. The control animals (n=6) were only injected with sterile water. The animals were sacrificed 3 h after the last injection, and their lenses were removed and homogenized in 500 µl of PBS with 6 M urea. The homogenate was filtered through a 10 kDa cut-off centrifugal filter, and the filtrate was analyzed by LC-MS/MS using an Orbitrap Elite Hybrid Mass Spectrometer (Thermo Electron, San Jose, CA) equipped with the Waters nanoAcquity UPLC system (Waters, Taunton, MA). A full scan at 120,000 resolution was obtained in the Oribtrap spectrometer for the eluted peptides in the 300-1,800 amu range, followed by 20 MS/MS scans; 17 of these were used to sequence the 17 most abundant precursor ions determined from the full scan, which were fragmented in the ion trap. The remaining 3 scan events employed an inclusion list to target the acetyl αB-crystallin peptide 73 DRFSVNLDVKHFSPEELKVK(acetyl)V 9 3 :[632.84(4+), 843.45(3+), and 1264.68(2+)]. MS/MS spectra were generated through collision-induced dissociation of the peptide ions at a 35% normalized collision energy to produce a series of b-and y-ions as major fragments using dynamic exclusion with a repeat count of 2, repeat duration of 30 s, exclusion duration of 30 s, and exclusion size list of 500. The total analysis time was 90 min. Raw LC-MS/MS data were subjected to database searches using the Mascot search engine (version 2.2.0, Matrix Science) against the human SwissProt database (20,249 sequences) with the variable modifications Met oxidation and Lys acetylation and the enzyme cleavage set to none. The mass tolerance was set at 10 ppm for precursor ions and 0.8 Da for product ions. The significance threshold was p<0.05.
Statistical analysis
The data are presented as the mean ± SD from the experiment numbers indicated in the figure legends. The data were analyzed using StatView software (SAS Institute Inc., Cary, NC). The statistical significance was evaluated with a paired or unpaired two-tailed t-test, and differences were considered significant at p<0.05.
RESULTS

αA-and αB-crystallin peptides inhibit chemical and thermal protein aggregation
The chaperone function of the αA-and αB-crystallin peptides was evaluated using four client proteins, citrate synthase (CS), insulin (IN), βL-crystallin (BLC), and γ-crystallin (GC). The chaperone function of the acetyl αA-crystallin peptide was significantly better than that of the native peptide for three of the client proteins. When βL-crystallin was used as the client protein, the results for two peptides were not different (Fig. 1A) . In contrast, the acetyl αB-peptide was 10 to 30% weaker than the native peptide for the above four client proteins (Fig. 1B) . However, this change in the chaperone function observed for the acetyl peptides did not correspond to surface hydrophobicity; we observed no significant difference in surface hydrophobicity between the acetyl and native peptides (Supplemental Fig. 1S ). To test whether the chaperone function was dependent on the specific amino acid sequence of the peptides, we used a scrambled αA-crystallin peptide in the chaperone assays. Our results showed that the scrambled peptide did not function as a chaperone for the two client proteins tested (CS and insulin), even when tested at two times higher concentration than the native and acetyl peptides (Fig. 1C) . The results confirmed that the specific peptide amino acid sequence in the peptide is a rigid requirement for chaperone function.
αA-and αB-crystallin peptides inhibit the mitochondrial apoptosis pathway in thermally stressed cells
We investigated the anti-apoptotic function of the native and acetyl αA-and αB-crystallin peptides in CHO and HLE cells. The peptides were transferred to the cells using BP, and the cells were stressed at 43°C for 1 h to induce apoptosis. The rate of hyperthermia-induced apoptosis was ~28% in CHO cells (Fig. 2) . Treatment with 1, 2, or 4 µg of the αA-crystallin peptide resulted in significant inhibition of apoptosis (by 12, 14, or 17%) (p<0.005 for each); the acetyl counterpart was at least 5% more effective than the native peptide at the 2 and 4 µg concentrations ( Fig. 2A and B) . Similarly, the αB-crystallin peptide inhibited apoptosis by 8, 12 , and 17% at concentrations of 1, 2, and 4 µg/ml, and the acetyl counterpart was 2-4% more effective than the native peptide at these concentrations ( Fig. 2C and D) . To determine whether the anti-apoptotic function observed in CHO cells is relevant to lens epithelial cells, primary HLE cells were treated with the peptides in BP at 4 µg/ml for 4 h and held at 43°C for 1 h. At 37°C, the cells did not undergo appreciable apoptosis. In contrast, cells at 43°C exhibited significant apoptosis, at a rate of nearly 40% (Fig. 2E, p<0.0005 ). Pretreatment with the native and acetyl αA-crystallin peptides reduced the rates of apoptosis to 22 and 25%, respectively (Fig.  2E ), while treatment with the native and acetyl αB-crystallin peptides reduced the rates to 18 and 24%, respectively (Fig. 2F) . These results indicate that the acetyl peptides are more effective than the native peptides in inhibiting apoptosis. The scrambled peptide did not inhibit apoptosis in either the CHO or HLE cells ( Fig. 2G and  H) .
The anti-apoptotic function of the peptides primarily occurred through inhibition of the mitochondrial apoptosis pathway, which was evident from the following observations. 1) The peptides inhibited the cytosolic release of cytochrome-C from the mitochondria in thermally stressed CHO cells (Fig. 3A) ; the inhibition was greater for the acetyl peptides compared with the native peptides.
2) The peptides inhibited procaspase-3 maturation in thermally stressed CHO cells (Fig. 3B) . Activated caspase-3 was detected only in cells that were not treated with the peptides.
3) The peptides significantly inhibited caspase-3 and -9 activity (Fig. 3C and D) . For these assays, we used peptides at a concentration of 4 µg/ml. At this concentration, the αA-peptide and its acetyl counterpart inhibited caspase-3 activity by 80 and 90% and caspase-9 activity by 51 and 53%, respectively. At similar concentrations, αB-and its acetyl counterpart inhibited caspase-3 activity by 80 and 78% and caspase-9 activity by 51 and 50%, respectively. These data show that both the αA-and αB-crystallin peptides inhibit the mitochondrial apoptosis pathway in thermally stressed cells.
αA-and αB-crystallin peptides inhibit calcimycin-induced apoptosis by inhibiting caspases in organ-cultured lenses
To determine whether the peptides are effective at inhibiting apoptosis in whole lenses, we used organ-cultured mouse lenses. The lenses were incubated with calcimycin to induce apoptosis, as previously reported (32) . Incubation with calcimycin induced apoptosis of epithelial cells, as observed by TUNEL staining (Fig.  4A2) . Lenses not treated with calcimycin did not show apoptosis (Fig. 4A1 ). Prior treatment with the peptides (native or acetyl) inhibited calcimycin-induced epithelial cell apoptosis (Fig. 4A3 to A6) . Quantitation of the numbers of TUNEL-positive cells revealed that approximately 33% of lens epithelial cells were apoptotic in calcimycintreated lenses (Fig. 4B) . Both the native and acetyl αA-and αB-crystallin peptides significantly inhibited apoptosis (p<0.0005), resulting in a rate of apoptosis of 3 to 5%. The scrambled peptide did not protect the cells (Fig. 4A7 and 4B) .
Apoptosis was inhibited through the mitochondrial apoptosis pathway, which was evident from the inhibition of caspase-3 and caspase-9 activity by both native and acetyl peptides (Fig. 4C and D) . These data suggest that both native and acetyl peptides can enter the lens epithelium through the capsule and inhibit mitochondrial-mediated apoptosis.
αA-and αB-crystallin peptides inhibit selenite-induced cataracts in rats
Because the peptides inhibited lens epithelial cell apoptosis in organ-cultured lenses, we next tested whether they could inhibit cataract development in an experimental animal model. Cataracts were induced by injecting sodium selenite into 12-day-old rat pups. We injected the peptides either using a single intraperitoneal injection 6 h prior to sodium selenite injection or through multiple injections. In the case of multiple injections, the first injection was given 6 h prior to sodium selenite injection, followed by subsequent injections each day for 4 days. Mature cataracts were evident when the sodium selenite-treated pups opened their eyes (Fig.  5, top right panels) . When administered in a single 2.5 µg injection, both the native and acetyl αA-peptides were ineffective. At 5 and 10 µg doses, the acetyl peptide was more effective than the native peptide in inhibiting cataract development. When administered as multiple 2.5 µg injections, the acetyl peptide partially inhibited cataract development. At 5 µg, both peptides strongly inhibited cataracts, and at 10 µg, they entirely inhibited cataracts.
We also tested the native and acetyl αB-crystallin peptides for selenite-cataract inhibition. Under the single injection regimen, they were both ineffective at 2.5 µg, whereas mild inhibition of cataracts was observed at a dose of 5 µg of the acetyl peptide, but not with the native peptide. However, at 10 µg, both peptides strongly inhibited cataract development (Fig. 6) . Under the multiple injection regimen, mild cataract inhibition was evident following treatment with 2.5 µg of the acetyl peptide, and cataracts were significantly inhibited at doses of 5 and 10 µg. To test whether the effects of the crystallin peptides were direct, we injected 10 µg of the scrambled αA-crystallin peptide using the multiple injection regimen, which was observed to be entirely ineffective (Fig. 6, bottom panels) , confirming that the specific amino acid sequence of the native protein was necessary for preventing cataracts.
A histological examination of the selenite-treated cataract lenses showed protein aggregates in the nuclear region (Supplemental Fig. S2 ). Peptide treatment corrected this change to control levels. Extraction of lenses in buffer, followed by protein quantity estimation, revealed a significant (p<0.0005; more than 50%) reduction of soluble protein associated with the selenite-induced cataracts (Fig. 7A) . This reduction was significantly inhibited (70-80%) by both the native and acetyl peptides. Analyses of the water-soluble protein fraction via MALS-DLS revealed no covalent protein aggregation in the seleniteinduced cataracts, and peptide treatment did not have an apparent effect on the protein profile (Fig. 7B) . This was further confirmed via SDS-PAGE, which showed similar protein profiles for the water-soluble and insoluble fractions (Fig. 7C and D) . In selenite-induced cataracts in rats, m-calpain or calpain II is activated, which cleaves crystallins (βB1-crystallin in particular) (33) . To determine whether the peptides inhibited such cleavage, we subjected the water-insoluble fraction to western blotting using a βB1-crystallin antibody. The results showed that βB1-crystallin was significantly reduced in selenite-induced cataracts (p<0.05), and both the acetyl and native crystallin peptides inhibited this reduction, although the effect was not significant (Fig.  7E) .
Biochemical analyses of the lenses showed that the levels of GSH and the antioxidant enzyme SOD1 were significantly reduced in selenite-induced cataracts, which was mostly corrected by peptide administration (significantly for GSH; Fig.  8A and B). This corrective effect was slightly greater for the acetyl peptides compared with the native peptides.
In situ TUNEL staining showed apoptosis of lens epithelial cells in seleniteinduced cataracts (Fig. 9A2, arrows) , which was not observed in control lenses (Fig.  9A1 ). Both the native and acetyl αA-and αB-crystallin peptides inhibited apoptosis (Fig. 9A3-A6 ). The activity of caspase-3 and 9 was significantly elevated in seleniteinduced cataracts (p<0.0005), which was significantly reduced by the peptide treatment (except for the native αA-peptide in the case of caspase-9) (Fig. 9B and C) .
The above effects were due to the translocation of the intraperitoneally injected peptide to the lens, which was verified by mass spectrometry. The low molecular weight isolate from pooled lenses from rat pups administered four injections of 100 µg of the acetyl αB-peptide was analyzed for presence of the peptide. We detected the peptide in the lenses of peptide-injected animals (Fig. 10A) . Peptides with multiple positively charged residues, such as Arg, His, and Lys, are often observed to be highly charged in ESI mass spectra. For the αB-peptide, both triply and quadruply charged parent ions, 843.4560(3+) and 632.8441(4+) (Fig. 10B) were detected in the full mass spectrum (error <2 ppm). The obtained tandem mass spectra (MS/MS) confirmed the peptide sequence. As shown in Figure  10C , the b series ions from b7 through b19 were all unmodified, which demonstrated that acetylation did not occur at K83 or K90, whereas the y2 ion observed at 288.2 (+42 Da) confirmed that K92 is acetylated. This peptide was not detected in the control sample (Supplemental Fig. S3) , even though the m/z values were included in the parent ion mass scan.
DISCUSSION
The primary objective of this study was to determine whether chaperone α-crystallin peptides could inhibit apoptosis in cells and experimental cataracts in animals. The second objective was to determine whether the acetyl peptides inhibited apoptosis and cataracts more efficiently than the native peptides. The major findings of this work are that both αA-and αB-crystallin peptides are effective chaperones, and lysine acetylation has a disparate effect on the peptides: while it improves the chaperone function of the αA-crystallin peptide, it weakens that of the αB-crystallin peptide. However, the observed surface hydrophobicity, which is thought to dictate chaperone function, was approximately identical between the acetyl and native peptides from both proteins. We cannot explain why surface hydrophobicity and chaperone function are unrelated in this case. Previous studies have reported similar findings for α-crystallin [reviewed in (34) ]. Despite these differences, the acetyl peptides were slightly better than the native peptides at inhibiting stress-induced apoptosis in cultured mammalian cells. Several findings indicate that specific inhibition of the mitochondrial apoptosis pathway was occurring: cytochrome-C release from mitochondria, and procaspase-3 activation as well as caspase-3 caspase-9 activity were inhibited by the peptide treatment. These findings also suggest that chaperone peptides are likely to provide the sites for Bax and procaspase-3 binding and to be responsible for inhibiting cytochrome-C release from the mitochondria by the α-crystallin protein, which has been observed in previous studies (12, 16, 35, 36) .
The inhibition of calcimycin-induced apoptosis observed in organ-cultured mouse lenses suggests that the peptides cross the capsule and epithelial cells in the lens. Calcimycin-induced apoptosis in lens epithelial cells occurs via the calciumactivated RAF/MEK/ERK pathway (37); therefore, we speculate that the peptides inhibit the activation of this pathway. Moreover, the inhibition of selenite-induced cataracts by the intraperitoneally injected peptides suggests that the peptides enter the circulation, cross the blood aqueous barrier, and enter the lens. The inhibition of apoptosis in these lenses further indicates that peptide function is retained after entry to the lens. The detection of the intraperitoneally injected αB-crystallin peptide in the lens supports this interpretation. We found that the acetyl peptides were slightly more effective than the native peptides in these functions. This may be due to the stronger resistance of the acetyl peptides to digestion by serine proteases. Further work is necessary to clarify the mechanism underlying this phenomenon.
The prevention of cataract development by the peptides in the absence of covalent protein crosslinking in the lens (as determined by SDS-PAGE and dynamic light scattering) suggests that protein aggregation may be inhibited by blocking hydrophobic interactions and/or disulfide linkages.
Previous studies have demonstrated protein degradation by proteolytic enzymes and disulfide crosslinking of proteins in selenite-induced cataracts (38, 39) . It is possible that the peptides directly interacted with proteolytic enzymes and blocked their activity or bound to proteins and prevented their proteolytic degradation. Because the peptides inhibited GSH depletion and the reduction of SOD1 activity, the parallel processes of oxidative stress and protein aggregation are likely inhibited. Whether the observed inhibition of protein aggregation is directly due to the peptide chaperone function or downstream effects on epithelial cells is unknown. Inhibition of epithelial cell apoptosis may be an additional mechanism that peptides use to inhibit cataract development. Future studies are necessary to clarify this mechanism.
The finding described herein that intraperitoneally injected peptides cross the blood aqueous barrier and cell plasma membrane supports the notion that these peptides exhibit important therapeutic potential, beyond inhibition of experimental cataracts. Pathogenic apoptosis is an integral component of several eye diseases, such as age-related macular degeneration, uveitis, glaucoma, and diabetic retinopathy. If the peptides can cross the blood retinal barrier, they may be useful for inhibiting apoptosis in such diseases. In fact, α-crystallin delivery has been shown to reduce pericyte loss in an experimental diabetes model (40) . In addition, it has been shown that αA-crystallin is protective against experimentally induced autoimmune uveitis (41) and ischemic optic neuropathy (42) . Furthermore, when apoptosis in cells is accompanied by protein aggregation, such as in Alzheimer's disease, the peptides may inhibit both protein aggregation and apoptosis in cells. Other potential uses of these peptides include diseases/conditions in which αB-crystallin is therapeutically beneficial. Steinman and colleagues elegantly demonstrated in experimental animal models that αB-crystallin is effective against inflammatory neurological damage following cerebral stroke (43), experimentally induced autoimmune encephalomyelitis (44) , multiple sclerosis (45) , and cardiac ischemia-reperfusion injury (46) . These peptides may be more effective than native proteins for such applications because they are smaller and may be delivered more efficiently to target tissues.
Moreover, post-translational modifications that could reduce the antiapoptotic function of α-crystallin, such as Ser59 phosphorylation in αB-crystallin, which downregulates its anti-apoptotic function (47), could be avoided by using peptides instead of the entire protein. While anti-apoptotic peptide treatment may be beneficial for such conditions/diseases, caution must be employed for unintended inhibition of apoptosis in off-target tissues. Hence, targeted delivery of these peptides to the appropriate tissues might be desirable for treating diseases. Fig. 1 . Lysine acetylation differentially alters chaperone function in α-crystallin peptides. Native and acetyl αA-and αB-crystallin peptides were assessed for their chaperone function using four client proteins: citrate synthase (CS), insulin (IN), βL-crystallin (BLC), and γ-crystallin (GC). The ratios of the client proteins to the peptides are given in the Experimental Procedures except for the scrambled peptide, which was tested at a two times higher concentration. Panel A shows results for the αA native (αA) and acetyl peptide [αA(a)], and Panel B shows results for the αB native (αB) and acetyl peptide [αB(a)]. We also tested the scrambled αA-crystallin peptide [αA(s)] with two client proteins, CS (peptide: CS-1:1.25) and IN (peptide: IN-1:5); the results are shown in Panel C. The bars represent the mean ± SD of three independent assays. *p<0.05, **p<0.005 and ***p<0.0005. NS, not significant. Fig. 2 . Crystallin peptides are anti-apoptotic. CHO cells were treated with native (Panels A and C) or acetyl peptides (Panels B and D) in BioPORTER at 1, 2 and 4 µg/ml medium for 4 h and subjected to thermal stress (43°C for 1 h) to induce apoptosis. The anti-apoptotic function of the αA-crystallin (Panel E) and αB-crystallin (Panel F) peptides was also assessed in HLE cells. HLE cells were incubated with BP-treated peptides at 4 µg/ml for 4 h and then at 43°C for 1 h. CHO (Panel G) and HLE cells (Panel H) were treated with an αA-scrambled peptide at 4 µg/ml to determine peptide specificity. Apoptotic cells were counted after treating the cells with Hoechst stain. The bars represent the mean ± SD of three independent experiments. αA, αA-native peptide; αA(a), αA-acetyl peptide; αB, αB-native peptide; αB(a), αB-acetyl peptide; and αA(s), αA-scrambled peptide. **p<0.005 and ***p<0.0005. NS, not significant. Fig. 3 . The inhibition of hyperthermia-induced apoptosis by crystallin peptides occurs through blockade of the mitochondrial death pathway. CHO cells were treated with peptides and thermally stressed, as described in Fig. 2 . α-crystallin peptides inhibit cytochrome-C release from the mitochondria (A). Cytochrome-C release from the mitochondria into the cytosol was assessed via western blotting. All lanes correspond to thermally stressed cells. Lane 1, no peptide; lane 2, +αA-native peptide; lane 3, +αA-acetyl peptide; lane 4, +αB peptide; and lane 5, +αB-acetyl peptide. Activation of procaspase-3 was inhibited by both acetyl and native peptides (B). Casp-3-FL, full-length procaspase-3; and Active-casp-3, active caspase-3. Lane 1, control; lanes 2 through 6, thermally stressed cells; lane 2, no peptide; lane 3, +αA-native peptide; lane 4, +αA-acetyl peptide; lane 5, +αB peptide; and lane 6, +αB-acetyl peptide. Caspase-3 (C) and caspase-9 (D) activity was measured using specific fluorogenic substrates. Both αA-crystallin and αB-crystallin peptides inhibited caspase activity. The bars represent the mean ± SD of three independent experiments. αA, αA-native peptide; αA(a), αA-acetyl peptide; αB, αB-native peptide; and αB(a), αB-acetyl peptide. The differences between the native and acetyl peptides were not statistically significant. **p<0.005, ***p<0.0005. Fig. 4 . α-Crystallin peptides inhibit calcimycin-induced apoptosis in cultured mouse lenses. Mouse lenses were organ cultured and treated with peptides, as described in the Experimental Procedures. After treatment, the lenses were thoroughly rinsed in PBS, fixed, and sectioned. The sections were stained to detect apoptotic cells using an in situ Apoptosis Detection Kit (A). Left panels, DAPI staining to visualize the nuclei in the lens epithelium; right panels, TUNEL staining to show apoptosis (arrows). Panel 1, Control; and panels 2 through 7, calcimycin-treated lenses. Panel 2, no peptide; panel 3, +αA-native peptide; panel 4, +αA-acetyl peptide; panel 5, +αB peptide; panel 6, +αB-acetyl peptide and panel 7, scrambled αA-peptide. The percentages of apoptotic cells are presented in a bar graph format in Panel B. After culturing, the lenses were homogenized, and caspase-3 (C) as well as caspase-9 (D) activity was determined as described in Fig. 3 . The bars represent the mean ± SD of three independent experiments. αA, αA-native peptide; αA(a), αA-acetyl peptide; αB, αB-native peptide; αB(a), αB-acetyl peptide; and αA(s), αA-scrambled peptide. The differences between the native and acetyl peptides were not statistically significant. The intense TUNEL staining in the nuclear region is likely due to fragmented DNA in the terminally differentiated fiber cells. ***p<0.0005. NS, not significant. Scale bar=100 µm. Fig. 5 . αA-Crystallin peptides inhibit cataracts in rats. Sodium selenite was administered to 12-day-old rat pups to induce cataracts, as described in the Experimental Procedures. When single injections were used, native and acetyl αA-crystallin peptides were i.p. injected at 2.5, 5, and 10 µg/animal 6 h prior to sodium selenite injection. When multiple injections were used, the peptides at the above doses were injected 6 h prior to and on days 1, 2, 3, and 4 days following sodium selenite injection. On day 6-post sodium selenite injection (when the pups were 18 days old and had opened their eyes), cataract formation was assessed via slit-lamp (left panels) and direct imaging (right panels). The control rats exhibited no cataracts (top left), whereas the sodium selenite-injected rats had mature cataracts (top right). The peptides inhibited cataract development; the acetyl peptide (single 5 and 10 µg injections and multiple 2.5 µg injections) was better than the native peptide at inhibiting cataract development. When multiple 10 µg injections were administered, both peptides prevented cataract development. For each treatment group, n=3. The data shown are from one representative animal/group. αA, αA-native peptide; αA(a), αA-acetyl peptide.
FIGURE LEGENDS
Fig. 6. αB-Crystallin peptides inhibit cataracts in rats.
The experimental details are identical to those given in Fig. 5 , except that the animals were injected with either the αB-native peptide or αB-acetyl peptide. The bottom panels show the results from rats treated with multiple injections (10 µg/animal) of the scrambled αA-crystallin peptide. The native and acetyl αB-crystallin peptides exhibited a similar potency in inhibiting selenite-induced cataracts. In each treatment group, n=3. The data shown are from one representative animal/group. Mild inhibition of cataract was evident following treatment with 5 µg of the acetyl peptide, but not the native peptide. Following multiple injections at 10 µg, both peptides inhibited cataract development. αB, αB-native peptide; αB(a), αB-acetyl peptide; and αA(s), αA-scrambled peptide. The scrambled peptide was ineffective in inhibiting cataract. Fig. 7 . In rats, α-Crystallin peptides inhibit protein insolubilization in selenite cataracts. Cataracts were induced using sodium selenite, and the animals were treated with multiple 10 µg peptide injections, as in Fig. 5 . The lenses were harvested from animals on day 6-post sodium selenite injection and processed as described in the Experimental Procedures. The water-soluble protein content decreased in the selenite-induced cataracts, which was significantly corrected by the native and acetyl peptides (Panel A). MALS-DLS analyses of the water-soluble protein fraction from control, selenite-treated, and selenite + peptide treated animals showed no apparent differences between groups (Panel B). Water-soluble and insoluble proteins were analyzed by SDS-PAGE, which showed no additional protein crosslinking under either selenite or selenite + peptide treatment (Panel C and D). 1, control; lanes 2 through 6, sodium selenite treated; 2, no peptide; 3, +αA-native peptide; 4, +αA-acetyl peptide; 5, +αB peptide; and 6, +αB-acetyl peptide. The cleavage of βB1-crystallin in the water-insoluble selenite cataract fraction (determined by western blotting) was inhibited by peptide administration (Panel E). The bars represent the mean ± SD of three independent experiments. The differences between the native and acetyl peptides were not statistically significant.*p<0.05, **p<0.005, and ***p<0.0005. NS, not significant. Fig. 8 . α-Crystallin peptides inhibit oxidative stress in selenite-induced cataracts. The lenses were harvested from animals on day 6-post sodium selenite injection and processed as described in the Experimental Procedures. α-Crystallin peptides (both acetyl and native peptides) administered through multiple injections of 10 µg/animal (as in Fig. 5 ) inhibited the loss of GSH (Panel A) and SOD1 activity in selenite-treated rat lenses (Panel B). The bars represent the mean ± SD of three independent experiments. αA, αA-native peptide; αA(a), αA-acetyl peptide; αB, αB-native peptide; and αB(a), αB-acetyl peptide. The differences between native and acetyl peptides were not statistically significant. *p<0.05, **p<0.005, and ***p<0.0005. NS, not significant. Fig. 9 . α-Crystallin peptides inhibit apoptosis through inhibition of caspases in lenses with selenite-induced cataract. The lenses from sodium selenite-and sodium selenite + peptide-treated rat pups (multiple 10 µg peptide injections, as in Fig. 5 ) were fixed and assessed for epithelial cell apoptosis using the in situ Cell Death Detection Kit (Panel A). DAPI staining is shown in the left panels, and TUNEL staining is shown on the right. 1, control; lanes 2 through 6, sodium selenite treated; 2, no peptide, arrows indicate apoptotic cells; 3, +αA-native peptide; 4, +αA-acetyl peptide; 5, +αB peptide; 6, +αB-acetyl peptide; and 7, +αA scrambled peptide. The enlarged images for A2 and A7 are to show apoptotic cells. The elevation of caspase-3 and caspase-9 activity observed in selenite-induced cataracts was inhibited by both the native and acetyl αA-and αB-crystallin peptides (Panels B and C). The bars represent the mean ± SD of three independent experiments. αA, αA-native peptide; αA(a), αA-acetyl peptide; αB, αB-native peptide; and αB(a), αB-acetyl peptide. The intense TUNEL staining in the nuclear region is likely due to the reason stated in Fig. 4 . The differences between the native and acetyl peptides were not statistically significant. *p<0.05, **p<0.005, and ***p<0.0005. NS, not significant. Scale bar=100 µm. 
